Phaseolus vulgaris is a promiscuous host plant that can be nodulated by many different rhizobia representing a wide spectrum of Nod factors. In this study, we introduced the Rhizobium tropici CFN299 Nod factor sulfation genes nodHPQ into Azorhizobium caulinodans. The A. caulinodans transconjugants produce Nod factors that are mostly if not all sulfated and often with an arabinosyl residue as the reducing end glycosylation. Using A. caulinodans mutant strains, affected in reducing end decorations, and their respective transconjugants in a bean nodulation assay, we demonstrated that bean nodule induction efficiency, in decreasing order, is modulated by the Nod factor reducing end decorations fucose, arabinose or sulfate, and hydrogen.
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During the early stages of the Rhizobium spp.-legume symbiosis, newly formed plant organs, the nodules, emerge after a reciprocal signal exchange. Via the infection thread, the bacteria can invade the nodules, differentiate into bacteroids, and subsequently start to fix nitrogen (reviewed by Mylona et al. 1995) . Truchet et al. (1991) demonstrated that the Nod factors (NFs) are the essential bacterial signaling molecules for nodule induction. NFs are chitin molecules, consisting of a backbone of up to six β-(1,4)-linked N-acetyl glucosamine sugar units, coupled to a fatty acyl chain at the nonreducing end and with strain-specific substitutions at both the nonreducing and reducing N-acetyl glucosamine (GlcNAc) residue (Lerouge et al. 1990; Spaink et al. 1991) . Recently, two novel NF structures were discovered in Mesorhizobium loti. One NF structure consisted of only two GlcNAc sugar units while the other was an NF carrying a fucosyl group at a nonterminal GlcNAc (Olsthoorn et al. 1998) . The enzymes necessary for the production of the NF backbone are encoded by the nodABC genes found in all nodulating rhizobial strains. These genes are referred to as "common" nod genes (Kondorosi 1991) although recently Ritsema and co-workers (1996) found that the replacement of Rhizobium leguminosarum bv. viciae nodA by its Bradyrhizobium japonicum homologue resulted in the loss of Vicia spp. nodulation. Additionally, Debellé et al. (1996) proved that the NodA protein of Sinorhizobium meliloti contributes to host range by determining the oligomerization of the NF backbone. The host-specific nodulation genes are responsible for the side groups encountered on the GlcNAc residues of the NF core molecule (for recent reviews, see Dé-narié et al. 1996 and Mergaert et al. 1997b) .
Phaseolus vulgaris is a promiscuous host plant that can be nodulated (Nod + Fix + or Nod + Fix -) by a wide spectrum of rhizobia (Martínez et al. 1985; Michiels et al. 1998 ; reviewed by Laeremans and Vanderleyden 1998) . The Sesbania rostrata isolate A. caulinodans ORS571 (Dreyfus et al. 1988 ) is able to elicit Fix -nodules on bean plants (Waelkens et al. 1995; Michiels et al. 1998) . A. caulinodans ORS571 produces a complex mixture of tetra-and pentameric NFs, acylated with stearic, vaccenic, or palmitic acid, methylated and carbamoylated at the nonreducing end and often with a fucosyl and/or arabinosyl moiety coupled to the reducing end. The A. caulinodans NF can be arabinosylated at its reducing end on C3 and possibly on C6. However, when fucose is present, arabinose is always linked to the C3 (Mergaert et al. 1997a ). The A. caulinodans ORS571-1.11Z nodZ mutant strain is unable to couple an arabinose group to the reducing end and fucosylation is severely reduced (Mergaert et al. 1996) . The ORS571-4.2K nolK mutant does not produce fucosylated NFs, but arabinosylation remains unaffected (Mergaert et al. 1996) R. tropici CFN299 produces a mixture of sulfated and nonsulfated NFs (Poupot et al. 1993) . We isolated the R. tropici nodHPQ genes and demonstrated that they are required for NF sulfation. Plant phenotypic analysis showed that the NF sulfate decoration is not essential for bean nodulation but modulates, in a cultivar-dependent manner, nodule formation efficiency on bean roots (Laeremans et al. 1996) .
In this study, we transferred the R. tropici genetic locus for NF sulfation to A. caulinodans (Nod + Fix -on bean) wild-type and nod mutant strains in order to determine the effect of different NF reducing end substitutions for nodulation of bean. We compared NF structure and bean nodulation phenotype of the A. caulinodans acceptor and transconjugant strains.
Two primers, HPQ1 (5′-GGAATTCAGATGTATCCTGT ACCACCGCGCG-3′) and HPQ2 (5′-CCTAAGCTTGATT TTCGGCCCTCCCCTGTTGAC-3′) were used on pTL3 (Laeremans et al. 1996) as the template for a polymerase chain reaction (PCR) experiment. Recognition sites for restriction enzymes are indicated in bold. We performed the PCRs with the Expand High Fidelity PCR system (Boehringer, Mannheim, Germany) according to the manufacturer's protocol to increase fidelity of DNA synthesis. DNA was synthesized during 34 cycles of a 1-min denaturation step at 94°C, a 1-min primer annealing step at 55°C, followed by 4 min of primer extension at 72°C. An additional 5 min at 72°C was performed to complete partial extension products. An expected PCR fragment of approximately 4 kb (4,037 bp), containing the R. tropici CFN299 nodHPQ genes with 400 upstream nucleotides, was purified, double-digested with EcoRI-HindIII, and cloned into pUC19. The resulting construct was transformed to E. coli that was grown at 37°C on Luria-Bertani medium (Sambrook et al. 1989 ) with tetracycline (Tc; 10 mg l -1 ). From both insert extremes, the nucleotide sequence was determined with the universal or reverse primer on an ALF automated sequencer (Pharmacia Biotech, Uppsala, Sweden). The obtained sequences were identical to the corresponding regions of the submitted R. tropici nodHPQ GenBank sequence (U47272). We then recloned the 4-kb EcoRI-HindIII fragment into pLAFR3 (Staskawicz et al. 1987) , resulting in pRTHPQ. Subsequently, pRTHPQ was introduced by triparental mating into A. caulinodans ORS571, ORS571-1.11Z, ORS571-4.2K, and ORS571-1.11Z-4.2K as described by van Rhijn et al. (1993) . A. caulinodans strains were grown on TY (Beringer 1974) containing ampicillin (100 mg l -1 ). We added kanamycin (50 mg l -1 ) for the mutant strains and Tc (10 mg l -1 ) for the transconjugants. The introduced plasmid was isolated from A. caulinodans (Tc   r   ) transconjugants by an alkaline lysis procedure (Sambrook et al. 1989) and subsequently verified by restriction analysis.
Isolation and separation of the flavonoid induced 14 Cacetate-labeled Nod metabolites of the A. caulinodans transconjugants by reverse-phase thin-layer chromatography (RP-TLC) demonstrated that their NFs became more hydrophilic, compared with those of the corresponding recipient strains. Labeling with 35 S-sulfate suggested that the presence of pRTHPQ was responsible for sulfation of most if not all of the NF backbones of the transconjugants of ORS571-1.11Z, ORS571-4.2K, and ORS571-1.11Z-4.2K (Fig. 1) . For ORS571(pRTHPQ), limited amounts of naringenin-induced metabolites are not labeled with 35 S-sulfate (Fig. 1, spot NS1 ). By reverse-phase high-pressure liquid chromatography (RP-HPLC), the NF fractions PI and PII of ORS571 elute around min 25 and 27, respectively. PI is a mixture of C18:1 and C16:0 acylated NFs with the reducing end glycosylated (fucosylated, arabinosylated, or both) or unsubstituted. PII is a mixture of C18:0 acylated NFs with the reducing end glycosylated (fucosylated, arabinosylated, or both) or unsubstituted (Mergaert et al. 1997a) . Under identical conditions, 12 fractions from ORS571(pRTHPQ), eluting between min 15 and 30, were collected. As suggested by the NF TLC profile (Fig.  1) , sulfated NFs are more hydrophilic and should elute earlier than the nonsulfated NFs of ORS571. Indeed, liquid secondary ion mass spectrometry (LSIMS) in the positive ionization mode of the 12 collected fractions indicated that, under the conditions assayed, Nod metabolite-containing fractions elute between min 18 and 22 (data not shown). The fragmentation pattern of the [M + H] + ions, showing successive losses of 203 mass units (characteristic for a GlcNAc oligomeric backbone), all ended at m/z 483, 485 (mainly), or 457. These masses correspond to a carbamoylated and methylated GlcNAc extremity of the NFs acylated with C18:1, C18:0, or C16:0 fatty acids, respectively (data not shown). These m/z values indicate that the nonreducing end decorations of the NFs of ORS571(pRTHPQ) are identical to those of the ORS571 NFs. Negative ion LSIMS was performed on the RP-HPLC fractions eluting between min 18 and 22 to verify whether the spectra of these fractions show molecular masses corresponding to those of decorated lipo-oligosaccharides. Deduced from positive and negative ion mass spectrometry, the most abundantly detected NFs of ORS571(pRTHPQ) have molecular masses of 1,392, 1,394, 1,524, and 1,526 Da. The molecules corresponding to a molecular mass of 1,392 Da (spot S1 in Figure 1 ) and 1,394 Da (spot S3 in Figure 1 ) represent NFs NodARc-V(C18:1;Me;Carb;S) and NodARc-V(C18:0;Me;Carb;S), respectively. The two molecules with a shift of 132 mass units, 1524 (S2) and 1526 (S4), are the arabinosylated species, NodARc-V(C18:1;Me;Carb;Ara;S) and NodARc-V(C18:0;Me;Carb;Ara;S). Thus, all detected NFs were pentameric with a sulfate and occasionally an arabinose moiety as reducing end decorations. -ions at m/z 1365, 1188, and 1190, corresponding respectively to NodARc-V(C16:0;Me;Carb;S), NodARc-IV(C18:1;Me;Carb;S), and NodARc-IV(C18:0;Me;Carb;S), were also detected but their quantities were estimated below the 10% level. The additionally arabinosylated analogues of these NFs, if present, are not distinguishable from the background of the spectra. After repeated purification of the butanol extracts containing the NFs of ORS571(pRTHPQ), we consistently detected limited amounts of nonsulfated, naringenin-induced metabolites on TLC plates (Fig. 1) . By LSIMS, however, we could not detect nonsulfated NFs. Whether these spots correspond to nonsulfated NFs not distinguishable from the background of the spectra or to other metabolites is not known. To locate the sulfate group on the arabinosylated species NodARc-V(C18:0;Me;Carb;S;Ara), its [M + H] + ion at m/z 1527 was selected and fragmented by collision (Fig. 2) . The base peak was the loss of SO 3 (80 mass units). Ion B4 at m/z 1094 corresponded to the loss of the reducing N-acetylglucosaminyl residue bearing both the arabinosyl and sulfate moieties. The diagnostic peak for locating the sulfate group was at m/z 1395. It was due to the loss of the arabinose residue (132 mass units), indicating that a sulfate group was not coupled to the arabinose. The loss of arabinose plus SO 3 (m/z 1315) may be interpreted as due to two consecutive eliminations and is not of diagnostic value. The ion at m/z 1226 was more puzzling: it is due to the expulsion of the reducing sulfated GlcNAc while keeping the arabinosyl group attached to the rest of the molecule. In fact, a similar behavior was found for a fucosyl residue of an NF (Bec-Ferté et al. 1994; Cárdenas et al. 1995) and explained by a gas phase isomerization of the molecule before fragmentation, leading to migration of fucose on the chito backbone. These data suggest that the sulfate and arabinosyl moieties are located on the NF reducing end and that both decorations are directly linked to the GlcNAc. We cannot exclude, however, that NFs with sulfate coupled on arabinose are also present in minor quantities.
In vitro assays with the A. caulinodans or B. japonicum NodZ protein indicate that fucosylation of the NF occurs after oligomerization of the GlcNAc subunits (Mergaert et al. 1996; López-Lara et al. 1996; Quesada-Vincens et al. 1997; Quinto et al. 1997) . Ehrhardt et al. (1995) and Schultze et al. (1995) showed that NodH can sulfate both lipo-chitooligosaccharidic and chitooligosaccharidic molecules in vitro. Our results suggest that, in ORS571(pRTHPQ), the sulfate residue occupies NF reducing end C6 positions before fucosylation can occur. Hence, the introduced sulfotransferase gene nodH completely blocks fucosylation by the NF fucosyltransferase in ORS571. Nevertheless, we cannot exclude that the introduction of the R. tropici CFN299 genes that encode for sulfate activation enzymes (nodPQ) in A. caulinodans ORS571 could be responsible for a dramatic increase in the ratio of substrates for NodH to NodZ transferases, resulting in the absence of fucosylated NFs. Based on the NF TLC profiles, the presence of Fig. 1 . Reverse-phase thin-layer chromatography patterns of Azorhizobium caulinodans wild-type, mutant, and transconjugant strains. Butanol extracts of naringenin-induced (final concentration 10 µM), radioactively labeled cell cultures were purified and separated as described by Mergaert et al. (1993) . After overnight induction and labeling, no significant differences in number of cells were measured. Radioactively labeled compounds were visualized with Hyperfilm (Amersham, UK) after 96 h of exposure. 14 C-acetate-labeled: lanes 1 (noninduced) and 2 (induced); 35 S-sulfate-labeled: lanes 3 (noninduced) and 4 (induced). PI and PII refer to the A. caulinodans Nod factor (NF) mixtures as reported by Mergaert et al. (1997a) . PI is a mixture of C18:1 and C16:0 acylated NFs with the reducing end (a) glycosylated (fucosylated or arabinosylated or both) or (b) unsubstituted. PII is a mixture of C18:0 acylated NFs with the reducing end (c) glycosylated (fucosylated or arabinosylated or both) or (d) unsubstituted. Spots marked with S1 to S4 correspond to sulfated NFs the structures of which are described in the text. Carbamoyl and methyl substitutions are identical in a, b, c, d, and S1 to S4. For spots indicated with an asterisk, structures were not determined by liquid secondary ion mass spectrometry but can be deduced from structures of the NFs of the A. caulinodans acceptor strains. glycosyl transferase activity with NF as a substrate does not prevent sulfation, but a competition for substrate exists between sulfo-and glycosyltransferases. Indeed, chemical characterization of the NFs of ORS571(pRTHPQ) by LSIMS showed that the NFs detected are sulfated and additionally can bear an arabinosyl residue on the reducing end, while the wild-type A. caulinodans ORS571 produces unsubstituted, fucosylated and/or arabinosylated NFs.
To determine the quantitative effect of the different NF reducing end decorations on bean nodulation, we inoculated bean seedlings monoxenically with A. caulinodans wild-type, mutant, and transconjugant strains harboring pRTHPQ, differently affected in NF reducing end decorations (Fig. 3) . ORS571-1.11Z and ORS571-1.11Z-4.2K, producing NFs that are either residually fucosylated or without any NF glycosylation, induced only a very low number of white, Fix -nodules on bean roots. An intermediate number of nodules were formed after inoculation with ORS571-4.2K, producing NFs with arabinosyl as the reducing end glycosylation. The inoculation of bean plants with ORS571(pRTHPQ) resulted in a significant decrease in nodule number compared with the acceptor strain. ORS571(pRTHPQ) and ORS571-4.2K(pRTHPQ) induced statistically indistinguishable numbers of nodules on bean, but a higher number than induced by ORS571-4.2K, which produces NFs with arabinose as the only reducing end decoration. LSIMS spectra of NFs purified from ORS571-4.2K(pRTHPQ) indicate that the structure of the NFs is identical to that of NFs produced by ORS571 carrying pRTHPQ (data not shown). For ORS571-1.11Z(pRTHPQ), the number of nodules formed was not significantly different from that of the nodules formed by ORS571-1.11Z. Similar results were obtained in a concurrent study by Fernández-López et al. (1998) . The authors found that fucosylated A. caulinodans NFs were more efficient than arabinosylated NFs in their ability to induce nodules on bean plants. The significant difference in bean nodule number between ORS571-1.11Z(pRTHPQ) and ORS571-1.11Z-4.2K(pRTHPQ) (kindly provided by W. D'Haeze and M. Holsters), which putatively produce identical NFs, could be due to different amounts of NF production. Indeed, although in all cases NFs were prepared from cell cultures containing an equal amount of cells, the intensity of the spots in TLC indicates that the amount of NFs purified from ORS571-1.11Z-4.2K(pRTHPQ) NFs is higher than from ORS571-1.11Z(pRTHPQ) (Fig. 1) . Similar effects were previously shown by ReliD et al. (1994) . Although not statistically different with the method we used, a higher number of nodules were consistently induced by ORS571-1.11Z(pRTHPQ) compared with ORS571-1.11Z. No differences between bean cultivars N-8-116 and Negro Jamapa were observed after the inoculation with the wild-type, mutant, and transconjugant strains (data not shown). In conclusion, A. caulinodans transconjugant strains producing sulfated NFs always induced less nodules than strains producing sulfated NFs that are additionally glycosylated at their reducing end. The NF reducing end GlcNAc substitutions responsible for the distinct nodulation efficiencies, in decreasing order, are as follows: fucosyl, arabinosyl or sulfate residue, and H.
The sulfate residue on the S. meliloti NF backbone protects the NF against breakdown by plant root chitinases . Whether the sulfate residue or any C6 decoration specifically protects NFs against bean root chitinase breakdown remains to be elucidated. + ion at m/z 1525. Nod factors (NFs) were isolated from naringenin-induced 10-liter cell cultures, as described by Mergaert et al. (1997a) . MS were measured on an Autospec instrument (Micromass, Manchester, UK), fitted with a liquid secondary ion mass spectrometry ion source and a cesium gun working at 25 kV. Acceleration voltage was 8 kV. A mixture of metanitrobenzyl alcohol and glycerol was used as the matrix. In positive ion mode, the matrix was acidified with 10% trichloroacetic acid. Addition of acid was omitted for negative ion measurements. Ionic decompostion studies by collision on helium gas were performed at constant B/E scanning. and Negro Jamapa were surface sterilized, germinated, and subsequently axenically transferred to cotton-Fahreus as previously described by Laeremans et al. (1997) . Bean roots were monoxenically inoculated with 100 µl of the appropriate cell suspension (OD 600 = 0.05). Beans were grown under a day/night regime of 12/12 h at 28°C and 75% relative humidity. Number of nodules was determined 21 days post inoculation. Noninoculated bean plants did not form nodules. Statistical data analysis was performed by analysis of variance with the general linear model procedure (SAS institute, Cary, NC). Statistical significance of the differences between inoculation treatments was determined with Duncan's test (P < 0.05). Each bar represents the average nodule number of 10 bean plants inoculated monoxenically. Each experiment was performed three times. One experiment is represented. Treatments with the same letter above the bars are not significantly different (P < 0.05).
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